In this paper, a modelling approach for liquid food products in a chemical process simulator is proposed from the flowsheeting methodology widely used for chemical processes. The focus is set on dairy concentration processes, in which milk is defined as a mixture of water and four dry matter components (fat, proteins, carbohydrates, minerals) modelled as ''pseudo-components'' in a conventional simulator which has been adapted to take into account the behaviour of the liquid food product considered. The significant properties of milk (heat capacity, boiling point elevation, thermal conductivity, density, viscosity, surface tension) are modelled with empirical models found in the literature and implemented in the simulator. In order to validate the approach, an industrial milk evaporation process and a pilot-scale evaporator are modelled and simulated. The results are compared with industrial and experimental results respectively, and show a good agreement with the industrial process. However improvements are needed in modelling the pilot scale evaporator. The proposed approach is generic enough to be extended to other liquid foods.
Open Archive TOULOUSE Archive Ouverte (OATAO)
OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. This is an author-deposited version published in : http://oatao.univ-toulouse.fr/ 20443
To link to this article : DOI:10.1007/s10098-017-1349-6 URL : https://doi.org/10.1007/s10098-017-1349-6
To cite this version :
Mendoza, Luis Fernando and Azzaro-Pantel, Catherine Bridging LCA data gaps by use of process simulation for energy generation. (2017) Clean Technologies and Environmental Policy, 19 (5) . 1535 -1546 . ISSN 1618 Any correspondence concerning this service should be sent to the repository administrator: staff-oatao@listes-diff.inp-toulouse.fr
Introduction
The design and development of sustainable food processes, which integrate technical and economic criteria, satisfy customer demands, and are less harmful to ecosystems, constitute a major challenge in a context of global changes (climate change, energy scarcity and energy price increase). An interesting way to meet these constraints entails a systematic approach combining process modelling, simulation, and process optimisation (Azapagic et al., 2011; Lam et al., 2011) .
It is recognized that the chemical and petroleum industries are quite familiar with the simulation-optimisation approach, and widely use process simulators such as Aspen Plus, Aspen Hysys, ProSimPlus, Pro/II, and COCO to compute mass and energy balances. These powerful software tools are based on the modelling of heat and mass transfers inside unit operations and their interconnection, by using thermodynamic databases. The use of process simulators then requires the exact knowledge of the composition of the fluids, the specific properties of the individual components and of the involved mixtures, for which changes in the physico-chemical properties of the product through unit operations are computed.
Despite the proximity of the chemical and petroleum sectors with the food industry, the development of this approach in the food sector suffers from two major shortcomings, i.e. a lack of available and applicable food process models (Trystram, 2012) , and a lack of thermodynamic models that account for the complexity and biological variations of food materials (Carson, 2006; Fito et al., 2007; Lambert et al., 2013) . Thermodynamic models, that allow a complete understanding of molecular behaviour and a prediction of physical properties of a mixture, are only known for specific mixtures such as those classically encountered in the chemical industry. They are not available for food products for which the composition is very complex (more than 2000 molecules in milk for instance) and their properties depend on both the concentration of their components and the interaction between them.
Several attempts at modelling liquid food properties have been achieved so that process simulators and other software tools can be used. Table 1 shows some significant studies which deal with the modelling and simulation of liquid food processes, with an emphasis on fluid milk. Two main approaches are proposed ( Table 1) :
The food product is defined as a new component (''Unique component approach'', see Table 1 ). This approach is the simplest one, since the properties of the food product are specified as constant or simply depend on temperature, which can be useful to the simulation of the heating or cooling of food product, or to any process step where there is no change in the composition. This last point constitutes one of the two major disadvantages of this approach: (i) it makes it impossible to predict changes in physico-chemical properties in the case of a new composition of the feed (e.g. more fat in the case of milk); (ii) it cannot predict the performance of a process versus a change in properties due to the variation of the composition of the fluid (e.g. concentration) without modifying the built-in unit operation models of the simulator. Bon et al. (2010) successfully modelled and optimised a pasteurization process by defining milk as a single component. Conversely Ribeiro (2001) and Jorge et al. (2010) tried to use this approach to model milk for a concentration step (where one component (water) is partially removed from the treated product) but in these cases the development of new unit operation models was necessary to account for product concentration in the process simulators. Origin of the data to compare the simulation with
Limits to usability in this study Unique component approach Ribeiro (2001) and Ribeiro and Andrade (2003) Preheating, pasteurization, evaporation The food product is divided into several components or ''pseu do-components'' (''Pseudo-component approach'', see Table 1 ), which represent the major categories of chemical components of the product: water, fat, proteins, carbohydrates, minerals, and fibres. This concept of ''pseudo-components'' is already in use in the petroleum industry to model complex mixtures (French-McCay, 2004) , and is similar to the ''proximate analysis'' of food components (for further details see Greenfield and Southgate, 2003) . In this approach, liquid food is considered as a mixture, the properties of which being computed by additivity of the properties of the individual ''pseudo-components''. The properties of the individual ''pseudo-components'' can be modelled in several ways: (i) by using the literature models giving the properties of each individual pseudo-component as a function of operating parameters (temperature and concentration in the case of an evaporation process, as in the work of Diefes (1997) ). For instance, see the property models proposed by Choi and Okos (1986) ; (ii) by assimilating the properties of individual pseudo-components to the properties of one or more well-known chemical components considered as representative of the component category: for instance, Byluppala (2010) modelled milk fat as mixture of 12 fatty acids, and Zhang et al. (2014) represented milk fat by a mixture of palmitic acid and oleic acid. This approach can be criticized, because assimilating complex milk fat to one or several specific acids is ''unacceptable'' from a physico-chemical point of view: Fat is present in milk mainly as fat globules with a far more complex structure and composition than those of individual fatty acids (see details in Section 2.2.1 and Croguennec et al. (2008) for more information on milk fat composition); (iii) by ''artificially'' developing the properties of individual pseudo-components in order to match the desired mixture properties by simple addition of these individual properties (Cheng and Friis, 2007) . They may be developed through trial-and-error procedures, or parameters optimisation. Such a decomposition has its limits, since all properties of food product are not additive (see for instance viscosity), and therefore cannot be accurately modelled by adding the individual properties of food components.
It is worth noting that the commercial software SuperPro Designer (Intelligen Inc.), which is a batch process simulator designed for various biochemical and specialty industries, as well as for other industries (pharmaceutical, microelectronics, wastewater, etc.), also handles some food processes, as shown in the work of Tomasula et al. (2013) : a fluid milk processing plant is simulated, however no documentation could be retrieved about the definition and the modelling of milk in the software (Table 1) .
The analysis of the literature clearly pointed out that none of the existing approaches satisfies the needs for food concentration processes simulation. Some methods yield a need for the development of new unit operation mathematical models, which may be time-consuming and specific to the conditions of the study (equipment type, nature of the product, etc.). The other methods are based on the additivity of the properties of food components, which can be a major drawback in the case of some properties.
In order to use the potential of chemical process software along with their unit operation models for food applications, the objective of this work is to propose a new modelling strategy for food products. This strategy is based on the incorporation, in commercial software, of the specific knowledge (from the literature) of the properties of food product as a function of operating conditions (temperature, concentration, composition) . The approach consists in defining the food product as a mixture of water and dry matter components (fat, proteins, carbohydrates, minerals, fibres in the general case) for which the mixture properties are calculated with food property models selected from a literature analysis and implemented as subroutines of the process software. This modelling method is derived from the second group of approaches previously reviewed, with the significant difference that the mixture properties are not simply an addition of the individual properties of the pseudo-components: the variations of the mixture properties depending on temperature, pressure, concentration and composition are computed, the composition being represented by the fraction of water and of the dry matter pseudo-components. In some cases, the model requires the individual properties of water, which are integrated in the thermodynamic database of the flowsheeting software tool that will be adopted in this study (its choice will be justified).
The feasibility and benefits of the strategy proposed are investigated for the concentration of milk using an evaporation step. Among other food sectors, the dairy sector largely uses concentration operations such as vacuum evaporation. The evaporation step is considered, together with spray drying, as the most energy intensive operation in the dairy industry: despite recent process improvements, the concentration and drying steps still consume nowadays about 25% of the total energy used in dairy processing (French Ministry of Agriculture, Food and Forestry, 2011) . In this work, industrial data taken from the work of Ribeiro & Andrade (Ribeiro, 2001; Ribeiro and Andrade, 2003) and experimental data from experiments performed with a pilot-scale evaporator used in the Dairy platform in Rennes (UMR STLO INRA-Agrocampus Ouest, Rennes France) serve as a test bench to validate the modelling approach and illustrate the potentialities of the proposed food modelling.
Materials and methods
2.1. Modelling of milk 2.1.1. Assumptions on the ''milk '' system In this study, bovine milk is considered as a mixture of water and four dry components: fat, proteins, carbohydrates, and minerals. During a concentration step by evaporation, water is supposed to be the only component that is removed. In reality, evaporated water drags away a small fraction of dry matter, thus producing ''cow waters'' which are known to contain a small quantity of organic matter (100-150 mg of Chemical Oxygen Demand per litre). In this work, the dragging of dry matter in evaporated water is considered as negligible and not taken into account in calculations.
This study focuses on the physical properties of bovine milk varying with temperature, concentration and composition. The properties of milk may also be affected by variations in the chemical structure of milk components (mainly proteins), caused by heat treatment in milk powder production processes: protein denaturation is known to occur during evaporation, but the changes affect only a small amount of the total proteins compared to thermal treatments preceding evaporation (preheating, pasteurization), and occur in even lesser proportions during drying (Oldfield et al., 2005; Singh and Creamer, 1991) . Since these changes are minor and poorly documented, they have not been taken into account in the present work.
The previous assumptions (no dragging of dry matter constituents; no protein denaturation) imply that:
There is no need to specify a chemical formula for dry components, since they all are considered inert in a chemical sense.
Vapour phase properties have to be specified a priori only for water (water properties are readily available in most chemical process flowsheeting software), since dry matter components are supposed not to be dragged in the vapour phase.
The models of milk properties are only valid for the liquid phase (no milk component in the vapour phase), and can include temperature and the mass fraction of any component of milk as variables.
Molecular weight of milk pseudo-components
Most chemical process simulators require molecular weight as a fundamental property, and some property models depend on the molecular weight of milk components (e.g. boiling point). Therefore, it is necessary to allocate individual molecular weights to the dry matter components. The molecular weights of milk components chosen in this study are a direct representation of the physico-chemical reality of the components in milk.
2.1.2.1. Fat. In milk, fat is mainly organised into spherical fat globules, with a diameter ranging from 0.1 to 15 lm (mean value around 4 lm). These globules have a core mostly made of triglycerides, and are surrounded by a native biological membrane mainly composed of phospholipids (i.e. polar lipids) and proteins. In order to be more representative of the natural organisation of fat in milk, it is preferable to estimate the ''bulk molecular weight'' of a single fat globule, instead of retrieving the molecular weight of the various components of milk fat and computing their weighted average. Since milk is always homogenized before evaporation, homogenized milk is considered for the estimation of the number of fat globules per unit volume as well as of the molecular weight of a mean fat globule. Homogenization is performed up to 20 MPa results in about 16 fat globules per lm 3 (Walstra et al., 2006) . From the number of fat globules per volume unit, and assuming a milk fat concentration of 36 g L À1 , the molecular weight of a fat globule is estimated to be 1.35 Â 10 9 g mol À1 . This value is representative of the physico-chemical characteristics of fat in milk and is quite different from the value of Byluppala (2010) , where milk fat is modelled as a mixture of 12 fatty acids ranging from caproic acid (116.16 g mol À1 ) to stearic acid (284.47 g mol À1 ), and from the work of Zhang et al. (2014) where milk fat is modelled as a mixture of palmitic and oleic acids (256.42 g mol À1 and 282.46 g mol À1 respectively). Winchester (2000) specified a molecular weight of 3 Â 10 4 g mol À1 for milk fat but no explanation was given regarding the choice of this value.
2.1.2.2. Proteins. Bovine milk proteins are classically divided into two major groups: (i) whey proteins make up for about 20% of the total protein content; they are also called soluble proteins, because they do not precipitate during cheese manufacture; (ii) caseins represent the remaining 80% of the total protein content, and are aggregated into protein structures, called micelles; these micelles are responsible for the white colour of milk due to light diffraction. In the calculation of the molecular weight of proteins, only caseins micelles are considered in this work. Assuming an amount of 10 18 micelles per litre of milk (Fox and Brodkorb, 2008) and a casein concentration of 27 g L À1 , a casein micelle weighs 2.7 Â 10 À17 g, which gives a ''molecular weight'' of about 1.63 Â 10 7 g mol À1 for a micelle. This value is significantly different from the one used in Zhang et al. (2014) where the average molecular weight of milk proteins, represented by casein, is set to 23,000 g mol À1 . In the work of Winchester (2000) , the molecular weight of milk proteins is set to 24,000 g mol À1 . The values used by both Winchester (2000) and Zhang et al. (2014) have no physical meaning since caseins are mainly not present under the form of individual molecules in milk but associated into micelles.
2.1.2.3. Carbohydrates. Carbohydrates in milk consist mostly in lactose. Therefore the molecular weight of lactose was used, i.e. 342 g mol À1 .
2.1.2.4. Minerals. Milk also contains mineral substances which are partially dissolved in the aqueous phase of milk, and partially complexed with themselves and/or with proteins. The molecular weight of milk minerals was computed as the average molecular weight of the major mineral constituents of milk in aqueous phase (milk saline constituents such as potassium, calcium, inorganic phosphate, soluble citrate, etc.), weighted by their respective fractions as given in the work of Gaucheron (2005) . The obtained molecular weight for milk ash was 50 g mol À1 .
Molecular weight values used for this work are grouped in Table 2 .
Key properties of milk
Several physical properties of the food product require modelling, so that the behaviour of milk through process steps can be mathematically described (Aspen Technology, 2011; Cheng and Friis, 2007; Ribeiro, 2001; Smith, 2011; Zhang et al., 2014) :
For mass and energy balances, the heat capacity and the boiling point are required. The heat capacity is used to calculate enthalpy and energy balances, and the boiling point is involved in vapour-liquid equilibrium (the so-called ''flash calculations''). In the case of mixtures with water as a solvent, the boiling point elevation (BPE) is used to express the temperature difference between the boiling point of water and the one of the mixture at the same pressure.
Simulations for unit operations design involve the evaluation of density, thermal conductivity, viscosity, and surface tension.
The properties of milk are modelled mostly with empirical models (i.e. based on correlations obtained from the fitting of experimental data) which were found in the literature.
Process flowsheeting simulation

Selection of a process flowsheeting simulator
The Aspen Plus simulator (Aspen Technology, Inc., Burlington, USA) was selected for this work. This simulator has a strong capacity to integrate component models that are not included in its built-in database, and allows an easy access to the property parameters of the components, as well as to the models of the physico-chemical properties. A major advantage of this simulator is its interoperability, which facilitates its coupling with optimisation procedures (You et al., 2012) . This asset is particularly attractive for further use of the simulator in eco-design approaches where the process performance is accounted for.
Implementation of properties in the simulators
In Aspen Plus, as in most simulators, thermodynamic models must be selected to compute the physico-chemical properties of individual components (or pseudo-components) and mixtures involved in the process. Mixture property models generally involve ''sub-models'' for the individual properties of chemical components (ideal gas heat capacity, vapour pressure, liquid density, etc.), which require component-specific parameters and specific scalar parameters for chemical components (normal boiling point, enthalpy of formation, etc.). These parameters were not used in this study, because they are not known for three of the major components of milk dry matter (fat, proteins, minerals), and their complex estimation is beyond the scope of this work (for instance, how to estimate a dipole moment value for milk fat, or a value for the standard enthalpy of formation of milk caseins?). Instead of adapting the food product model to existing property models, as it has been achieved in previous works (Bon et al., 2010; Byluppala, 2010; Zhang et al., 2014) , the available food product models were, in this work, directly integrated in the simulator: the key mixture property models defined in Aspen Plus were replaced by external Fortran programs (defined as ''user models'' in Aspen Plus), where each milk property model selected from the literature was implemented. The Fortran programs are used by the simulator when the corresponding liquid mixture property has to be computed. This concerns the molar enthalpy (which contains the model for heat capacity), the activity coefficient (from which the BPE stems), the molar volume (calculated from a mass density model), the thermal conductivity, the viscosity, and the surface tension. In the case of the BPE, a subroutine was created to replace the activity coefficient model, where the BPE is calculated and its value is added to the water saturation temperature value, giving a ''target'' boiling point value that the activity coefficient has to match. The details of the calculation can be found in Appendix A. With this method, any model for each key property of milk that is required (i.e. heat capacity, boiling point elevation, density, thermal conductivity, viscosity, and surface tension) can be written in a Fortran program used by Aspen Plus. It must be highlighted that:
The vapour mixture enthalpy model was defined as the ideal gas model, which is an acceptable hypothesis since only water is supposed to evaporate (Sun and Hu, 2003) .
Since the considered food product is in liquid state, and the evolution of thermodynamic state goes from liquid to vapour through the water evaporation, the reference state for enthalpy calculations was changed in Aspen Plus from ideal gas to liquid.
An industrial and a pilot-scale plants as references
In order to validate the models of the physico-chemical properties of milk, an industrial plant and a pilot evaporation process were modelled in Aspen Plus.
2.3.1. Industrial milk concentration plant (Ribeiro, 2001; Ribeiro and Andrade, 2003) The industrial milk concentration plant (Embaré Indùstrias Alimenticias S.A., Brazil) considered is the one described by Ribeiro (2001) and Ribeiro and Andrade (2003) . The milk process ( Fig. 1) consists of two pre-heaters (HX-1, HX-2), a pasteurization unit (fed with hot water, Past-1), and a four-effect evaporator (Evap-1-4). Each effect is made of a plate evaporator, followed by a centrifugal separator to separate water vapour and milk concentrate. For each evaporator effect, 10% of the concentrate is recycled to its feed. Steam enters the system at 6.67 bar and is sent to a thermocompressor (TP -101) before feeding the evaporators. The thermocompressor and the preheaters use recycled vapour from the evaporator effects, which reduces the overall steam consumption. This process treats 11,352 kg/h of a standardised bovine whole milk (12% total solid), and produces 2742 kg/h of milk concentrate with a 48% total solids content.
It must be highlighted that the industrial process studied in Ribeiro (2001) should not be taken as a standard scheme for the dairy industry. The process leads to the recycling of the concentrate, which is prohibited today due to the risk of a too long product residence time, resulting in high protein denaturion and bacterial growth in the concentrate (Fuquay et al., 2011; Heldman and Lund, 2006) . Moreover the use of plate evaporators is less frequent compared to other evaporation technologies, such as falling-film (tubular) evaporators (Decloux and Rémond, 2009 ).
Pilot-scale evaporator (Silveria et al., 2013)
A pilot-scale, single-effect falling-film evaporator (GEA Process Engineering, St Quentin-en-Yvelines) available in Rennes (Dairy Platform, STLO, INRA) was used to validate the property models at experimental scale. This equipment item has already been described by Silveria et al. (2013) . It is made of three evaporation tubes connected to an indirect condenser integrated in the separator. Each tube is arranged in its own body fed with fresh steam (saturated at 75°C) and undergoes the same vacuum pressure (0.02 MPa). The flowsheet of the evaporator is shown in Fig. 2 . Two experiments involving milk were performed at a feed flow rate of 50 kg/h, a first run with skim milk at 10% total solids concentrated to 24%, and a second run with the concentrate at 24% up to 52% total solids (Silveira et al., 2013) .
Modelling of industrial and experimental plants in Aspen Plus
The unit operations involved in both the industrial and the pilot-scale process were modelled using the built-in blocks in Aspen Plus, listed in Table 3 . The pre-heaters and the pasteurizer Fig. 1 . Flowsheet of the industrial evaporation plant used for the validation of the models of physic-chemical models (Ribeiro, 2001) . of the industrial plant (Ribeiro, 2001; Ribeiro and Andrade, 2002) were modelled with ''Heater'' blocks, which perform heat and mass balances on a stream under varying pressure or temperature, or exchanging heat. Due to the unusual geometry of the plate evaporators involved in this industrial process (Ribeiro, 2001; Ribeiro and Andrade, 2002) , it is not possible to model this equipment item in a detailed way with the Aspen Plus tools alone. A user model is necessary to account for the geometry of the plates, following a similar approach to that adopted in Ribeiro and Andrade (2002) where a rigorous mathematical model was developed. Instead, the evaporator effects were modelled according to the same method as the pre-heaters and pasteurizer, in order to perform heat and mass balances. A ''Flash2'' block was added to simulate the separation between liquid and vapour streams. The obtained flowsheet is shown in Fig. 3 and the operating conditions specified in the different Aspen Plus blocks are given in Appendix C, Table B .3.
In the case of the pilot-scale process (Silveira et al., 2013) , the evaporator was modelled on the one hand with Heater blocks to perform heat and mass balances, and on the other hand in a more detailed way with the Aspen Plus ''HeatX'' block. HeatX is a standard heat exchanger block which comprises the possibility to model shell and tube heat exchangers, and the pilot falling film Fig. 2 . Flowsheet of the pilot evaporator described in Silveira et al. (2013) . Table 3 Aspen Plus blocks used to model the industrial process and the pilot evaporator.
Unit operation
Aspen Plus blocks with flowsheet reference code Mono-effect pilot evaporator, 3 tubes 1 tube to compute output from input and geometry =1 Valve (Vac-A to Vac-C) to set inlet milk stream to vacuum pressure +1 HeatX (F1-A to F1-C) to model the tube and surrounding shell +1 Flash2 (Sep-A to Sep-C) for the separation of concentrate and evaporated water Fig. 3 . Flowsheet of the evaporation process modelled in Aspen Plus to perform heat and mass balances. The flowsheet is based on an industrial process previously described in the work of Ribeiro (Ribeiro, 2001; Ribeiro and Andrade, 2003) . For the legend, see Table 3. evaporator can be assimilated to a vertical, downward flow shell and tube heat exchanger. Sufficient data is available in Silveira et al. (2013) on the equipment design and geometry, and on the flow rates and operating conditions of the inlet streams. The geometry of the evaporator tubes was specified in the HeatX block, with the parameters shown in Appendix C, Table B .5, along with the operating conditions specified in the different Aspen Plus blocks. Because the HeatX block is designed to model industrial-size heat exchangers, the modelling of a pilot-size heat exchanger requires a few tweaks in the HeatX block, which are documented in the Aspen support website (http://support.aspentech.com/) and available from the corresponding author. The resulting flowsheet is presented in Fig. 4 , and the flowsheet of the same process for heat and mass balanced only is presented in Fig. 5 .
2.4. Strategy for the identification and validation of milk property models 2.4.1. Identification of milk property models Prior to the development of the Aspen Plus database, adequate models must be selected to compute the properties of milk required for the simulation, i.e. heat capacity, BPE, density, thermal conductivity, viscosity, and surface tension. A selection of models from the literature was carried out, so that only models valid for bovine milk (or assumed bovine milk when not specified) and varying with at least temperature and concentration were considered.
The different models describing the same property were compared to each other and to experimental data within their validity ranges. For that purpose, each specific property was computed using the various literature models at 3 or 4 different levels of dry matter, in a range of temperature compatible with evaporation process. The dry matter levels correspond to the dry matters of milk, of a 50%-concentrated milk and, of an intermediate milk concentrate. When experimental values were available, the property was also computed at a fourth dry matter content, corresponding to the dry matter content of the experimental values. The initial milk composition used to compute property values was not always the same for the different properties, because property models were compared to experimental values, which were retrieved from various works and obtained with various milk compositions.
For each property, the computed milk property values were plotted on 4 graphs, each corresponding to a dry matter level. Only values with the range of validity of the model were displayed in the graphs. Error bars represented the relative or absolute error between the model and the experimental values, when given by the authors of the model.
Sensitivity analysis on the properties
Once the property models had been implemented in the simulator, a sensitivity analysis of the process performance to the milk property models was performed with the pilot-scale plant in order to identify which properties had the highest impact. With such information it is possible to define which property models should be improved to reach a better accuracy in the predictions of the process model.
The pilot-scale process (Silveira et al., 2013) was chosen for the sensitivity study, because the geometry of the equipment can be modelled in Aspen Plus (see Section 2.3.3). It must be highlighted that the computation of vertical tubular heat exchanger models, which include equipment design and geometry, is performed by default with the Steiner-Taborek correlation (Steiner and Taborek, 1992) implemented in the HeatX model (Aspen Technology, 2011). However, this correlation cannot be used, because it is valid for a Reynolds number of at least 4000, whereas preliminary simulation tests showed that in this study, the Reynolds number is never higher than 700: as a consequence, changes in viscosity modelling gave no change in simulation results (a 0.01% difference in output dry matter percentage appeared for a reduction in viscosity computed values by at least 1000). In order to study the sensitivity of the simulation to all six major properties of milk (including viscosity), the Steiner-Taborek correlation was replaced with the correlation of Alhusseini et al. (1998) . This correlation has a wider range of validity (Reynolds number from 124 to 15,600), and depends on the Reynolds, Prandtl and Kapitza numbers, therefore its output is directly related to the values of heat capacity, density, thermal Fig. 4 . Flowsheet of the pilot evaporator (Silveira et al., 2013) modelled in Aspen Plus to predict performance according to geometry of the equipment. For the legend, see Table 3 . Fig. 5 . Flowsheet of the pilot evaporator (Silveira et al., 2013) modelled in Aspen Plus to predict heat and mass balances. For the legend, see Table 3. conductivity, surface tension and viscosity of milk. With the additional information provided by vapour-liquid equilibrium calculation affected by the BPE model, the influence of the six key properties of milk on simulation results can be studied. For more details on the heat transfer coefficient subroutine implemented in Aspen Plus, and the correlation of Alhusseini, see Appendix B.
With the use of such heat transfer coefficient model, it was possible to design a series of experiments with 6 properties (6 factors) and 2 levels for each factor, leading to a maximum of 64 experiments required. The first level of each property/factor was the value calculated by the original property model (i.e. without modification), and the second level was the value increased by 10%. The observed response was the final product concentration obtained at the output of the last evaporator effect.
Validation of the property models integrated to a simulation tool
The validation of the implementation of selected property models in the simulator is useful to confirm whether the chosen property models correctly reproduce the behaviour of milk undergoing evaporation process. This validation was performed by comparison of industrial or pilot-scale data with the results of the simulation for a given unit operation.
The heat capacity and BPE models were validated using heat and mass balances, which do not require information on the equipment design and geometry. Only inlet and outlet streams conditions, flow rates and heat exchanged between steam and milk in the evaporators are required. Validation could be performed with both the systems (industrial and pilot scale plants -see Section 2.3), since relevant data were available. The other properties of milk (density, thermal conductivity, viscosity, surface tension) required for design purposes were validated only with the information taken from the pilot scale evaporator (Silveira et al., 2013) .
Results
Choice of milk property models
The comparison of the different property models is described in this section, property by property.
Heat capacity
Two empirical models describe the liquid heat capacity of bovine milk as a function of temperature and concentration: the model Fernández-Martín (1972a) and the one of Minim et al. (2002) . The empirical model of Choi and Okos (1986) was also selected because of its applicability to numerous liquid food products. Fig. 6 shows the variation of heat capacity with temperature for 4 different dry matters (16.7%, 25.0%, 28.0%, 50.0%). At 28.0% dry matter content, milk composition matched the composition of the whole milk with which the experimental data was measured (as mentioned in the legend of each figure) .
From the comparison of the three models for heat capacity (Fig. 6) , the model of Choi and Okos (1986) was chosen because of a satisfying match with both empirical models of Fernández-Martín (1972a) and Minim et al. (2002) . Besides, a wider validity temperature and dry matter ranges than the other models are proposed. At 16.7% dry matter, all models exhibited a close agreement. At 25.0% and 28.0%, the relative difference with empirical models and experimental data was not higher than 6%. Fig. 6 . Heat capacity of whole milk (83.3% water, 7.7% fat, 3.5% protein, 4.8% lactose, 0.7% minerals) as a function of temperature for 4 different dry matter contents of milk concentrates ((a) 16.7%; (b) 25.0%; (c) 28.0%; (d) 50.0%). Models are plotted only when they are in their range of validity. The error bars on the data of Choi and Okos (1986) represent the standard error, given by the authors between their model and experimental values obtained with an ''evaporated milk'' (no fat content given). In the case of the Minim model, the error bars represent the mean relative difference, specifically calculated for this study, from the model and the given experimental data.
The model of Choi and Okos (1986) was the only one that could predict the heat capacity of milk concentrates at high dry matter (>28.0%) and high temperature (>75-80°C). However it must be highlighted that no measurement of the heat capacity of whole milk concentrated at 50% could be found in the literature. Another set of experimental data is required for a further validation of the model of Choi and Okos (1986) at high concentrations (this aspect is beyond the scope of this work).
In the case of skim milk (0.44% fat content from the work of Minim et al. (2002) ), the model of Choi and Okos (1986) also fitted well the experimental data points, because of its wide validity ranges for temperature and concentration, and it was supported by experimental data at low concentrations (see Appendix D).
Boiling point elevation (BPE)
To our knowledge, only one generic model for the prediction of boiling point elevation of milk concentrates was reported in the literature. Assuming an ideal mixture between milk components, Winchester (2000) calculated the BPE as a function of the heat of vapourization of water, the boiling temperature of water, and the molar fraction of solute components. This model was only developed from a theoretical basis, which no experimental data supported in the case of whole milk. Fig. 7 shows the BPE values calculated both for whole and skim milks (standard composition) at 60°C. In the case of whole milk (Fig. 7(a) ), only the theoretical model of Winchester (2000) was studied, with no experimental data to bring support. In the case of skim milk (Fig. 7(b) ), a satisfying agreement between experimental and predicted values of the model was found. The model of Winchester (2000) was therefore selected for this study, although the validation with experimental data for whole milk has not yet been performed. The obtained BPE values were relatively low, (61°C in the case of whole milk). However the BPE is not to be neglected, particularly in the case of mechanical compression of vapour in evaporators (APV, 2006) . Since the BPE model from Winchester (2000) depends on the molecular weight of the mixture components through molar fractions (Table 4) , its sensitivity to molecular weight was tested: the BPE was computed with the molecular weight values used in the Fig. 7 . Boiling point elevation of whole ((a) 87.1% water, 3.6% fat, 3.4% protein, 4.8% lactose, 1.1% minerals) and skim ((b) 90.7% water, 0.3% fat, 3.5% protein, 4.8% lactose, 0.7% minerals) milk as a function of dry matter. For whole milk (a) the curves overlap. For skim milk (b) experimental data was given by an industrial partner (TGE -Thermique-Genie-Chimique-Evaporation, 300 rue Clément Ader, 27,000 Evreux, France). MW = molecular weight.
Table 4
Selected property models for milk and food components.
Property
Model Reference
Heat capacity (Cp) Cp = P Cp i Â X i Choi and Okos (1986) With:
Cp Fat = 1.9842 + 1.4733 Â 10 À3 Â T À 4.8008 Â 10 À6 Â T 2 Cp Protein = 2.0082 + 1.2089 Â 10 À3 Â T À 1.3129 Â 10 À6 Â T 2 Cp Carbohydrate = 1.5488 + 1.9625 Â 10 À3 Â T À 5.9399 Â 10 À6 Â T 2 Cp Ash = 1.0926 + 1.8896 Â 10 À3 Â T À 3.6817 Â 10 À6 Â T 2 Boiling point elevation (BPE) BPE ¼ Table 2 and Fig. 8 ). The molecular weight values are given in Table 2 , and the results in Fig. 8 . The influence of fat is clearly shown: the highest difference between BPE values occur in the case of whole milk (Fig. 8(a) for whole milk than for skim milk, which is inconsistent with current knowledge (water activity in skim milk is lower -see Lewicki (2004) and other authors regarding water activity in milk and other food products). Choi and Okos (1986) , Fernández-Martín (1975) , and Minim et al. (2002) developed models for the prediction of milk density. In the case of Fernández-Martín (1975) , two models are available: the former predicts the thermal expansion coefficient (i.e. the change in volume in response to a change in temperature) of milk, while the latter predicts the volume increase per unit mass of milk Fig. 8 . Boiling point elevation of whole ((a) 87.1% water, 3.6% fat, 3.4% protein, 4.8% lactose, 1.1% minerals) and skim ((b) 90.7% water, 0.3% fat, 3.5% protein, 4.8% lactose, 0.7% minerals) milk as a function of dry matter. The model used to compute BPE is the same (Winchester, 2000) . Only the molecular weight values (MW) differ for each curve. Fig. 9 . Density of whole milk (83.3% water, 7.7% fat, 3.5% protein, 4.8% lactose, 0.7% minerals) and concentrates for different dry matter contents ((a) 16.7%; (b) 25.0%; (c) 28.0%; (d) 50.0%). The error bars on the data of Choi and Okos (1986) represent the standard error, given by the authors between their model and experimental values obtained with an ''evaporated milk'' (no fat content given). In the case of the Minim model, the error bars represent the mean relative difference, specifically calculated for this study, from the model and the given experimental data.
Density
(respectively indicated as ''expansion coeff'' and ''vol increase'' in Fig. 9 ). The agreement between the model of Choi and Okos (1986) and experimental data for the density of milk was satisfying, as shown in Fig. 9 for whole milk, and in Appendix D for skim milk respectively. There was a more significant discrepancy between the models of Choi and Okos (1986) and of Fernández-Martín (1975) , particularly in the case of skim milk at intermediate dry matter (see Appendix D, Fig. C.3 ). Since the model of Choi and Okos (1986) is supported by experimental data in a large range of dry matter content and is valid for a wider range of temperature and dry matter content compared to the other existing models, the density model of Choi and Okos (1986) was chosen for this study.
Thermal conductivity
The model of Choi and Okos (1986) for thermal conductivity was compared with the models of Minim et al. (2002), Fernández-Martín and Montes (1972) , and Riedel (1949) . Experimental data from the work of Minim et al. (2002) supported the comparison at 28% dry matter. For skim milk, (see Appendix D), all models were mutually consistent and also agree with experimental data. However in the case of whole milk (Fig. 10) , although the models of Choi and Okos (1986) , Minim et al. (2002) , and Riedel (1949) were in a relatively good agreement, the model of Fernández-Martın & Montes (1972) gave values that are strongly different from the three others (33% difference between for Fernández-Martín and Montes (1972) and Choi and Okos (1986) at 20°C and 16.7% dry matter content, Fig. 10(a) ). This strong discrepancy can be explained by the high fat-to-solids-non-fat ratio of milk, taken from Minim et al. (2002) and considered as a reference. For the sake of comparison, the model developed by Fernández-Martín and Montes (1972) was used with the same fat-to-solids-non-fat ratio, which is higher than the maximum fat-to-solids-non-fat ratio with which the model of Fernández-Martín and Montes (1972) was developed. Another significant difference occurred between the models of Choi and Okos (1986) and Riedel (1949) at 50% dry matter (Riedel was 24% higher than Choi & Okos at 90°C, see Fig. 10(d) ), with a trend reversal of the model of Choi and Okos (1986) starting around 50°C. Here the model of Choi and Okos (1986) was influenced by the high fat content values: in the model of Choi and Okos (1986) , the thermal conductivity of fat is related to temperature (1st order) with a negative coefficient, according to the Eq. (1).
k Fat ¼ 1:8071 Â 10 À1 À 2:7604 Â 10 À3 Â T À 1:7749 Â 10 À7 Â T 2
The 1st order coefficient (À2.7604) has a higher absolute value than 1st order coefficients of the other components (proteins, carbohydrates, minerals), and is negative, consequently giving the decrease in thermal conductivity values that was observed ( Fig. 10(d) ).
The models of Choi & Okos and Riedel stood out as the most relevant models, although there was a lack of experimental data on whole milk at 50% dry matter to establish which the best option was. Since the model of Riedel (1949) exhibited a closer match to the trend of experimental data at 28% dry matter (Fig. 10(c) ), it was chosen for this study.
Viscosity
The models of Alcântara et al. (2012) , Fernández-Martín (1972b), Morison et al. (2013) , and Reddy and Datta (1994) were used for the calculation of viscosity of milk and milk concentrates. Fig. 10 . Thermal conductivity of whole milk (83.3% water, 7.7% fat, 3.5% protein, 4.8% lactose, 0.7% minerals) for different dry matter contents ((a) 16.7%; (b) 25.0%; (c) 28.0%; (d) 50.0%). The error bars on the data of Choi and Okos (1986) represent the standard error, given by the authors between their model and experimental values obtained with an ''evaporated milk'' (no fat content given). In the case of the Minim et al. (2002) model, the error bars represent the mean relative difference, specifically calculated for this study, from the model and the given experimental data. The error bars on the data of Fernández-Martín and Montes (1972) represent the 3% maximal difference with experimental data of the model, and the error bars on the data of Riedel (1949) represent the 1% prediction error of the model, both calculated by the authors of the respective studies.
The comparison between these models should be considered carefully, because viscosity is a rheological property which, when the fluid is non-Newtonian, depends on the shear rate applied to the fluid: the rheological behaviour of milk has been reported by several authors as non-Newtonian above about 30-35% dry matter (for instance Vélez-Ruiz and Barbosa-Cánovas, 1998). The measurement of viscosity may therefore be highly dependent on operating conditions of the experiment, mainly shear rate, which is specified when available, and temperature.
The difference between models was clearly significant at low temperatures for whole milk, as shown in Fig. 11 . In the case of skim milk, the gap between the model of Fernández-Martín (1972b) and other models was higher. Experimental data supported the model of Morison et al. (2013) strenuously for both whole and skim milks. Because of the support by experimental data and its widest range of validity, the model of Morison et al. (2013) was chosen. Also, the model seemed to take into account the non-Newtonian behaviour of milk above 30% dry matter (Morison et al., 2013) , since the component-specific coefficients A i (see Table 4 ) were obtained from experimental data at both low and high dry matter contents. One drawback of the model is that it has been fitted to experimental data taken at a shear rate of 2000 s À1 , whereas the shear rate in evaporators is lower (less than 1000 s À1 (Ang, 2011)) ; recent research at the STLO (INRA, Rennes, France) suggests however that at 300 s À1 , the shear rate reaches a plateau above which viscosity values remain unchanged. Nevertheless, the model was considered satisfying enough for a first attempt at modelling milk viscosity in evaporators and other unit operations in the milk concentration process.
Surface tension
Several authors developed various models for the prediction of surface tension of milk: Bertsch (1983) developed 3 models, one specific of whole milk, the second specific of skim milk, and the third is a general form adapted for both whole and skim milk; Watson (1958) developed models for raw whole, raw skim, and homogenized whole milk. Ang (2011) developed a model for the prediction of the surface tension of skim milk. In spite of the number of models developed, these models only take into account the dependence with the temperature and none of them develop correlations with concentration. Experimental data of surface tension of various milks with various fat contents were found in the work of Mukherjee et al. (2005) . In Paramalingam et al. (2000) , surface tension values are given for whole milk at 3 temperatures with 3-6 dry matter values, from which a model, valid between 20°C and 65°C and for a dry matter content between 5% and 40% was regressed by the authors (Eq. (2) ). r Milk;whole ¼ 50:085 À 0:179 Â T þ 5:781 Â 10 À4 Â T 2 þ 0:0439 Â DM À 0:00627 Â DM 2 À 7:210
The models of Bertsch (1983 -whole milk model and general model), Paramalingam et al. (2000) and Watson (1958 - raw and homogenized whole milk models) were compared for whole milk at three levels of concentration, although only the regression from the data of Paramalingam et al. (2000) varied with dry matter content (see Fig. 12 ). Regardless of the model, the trend of the curves was similar, highlighting a decrease in surface tension with the increase in temperature. However, the values were significantly different between the considered models (for instance, a 19% discrepancy was observed when comparing the general model of Bertsch (1983) with the model of Watson (1958) for whole milk at 20°C). Fig. 12(d) shows a comparison between the models at a constant temperature of 20°C and varying dry matter content: the gap between the models of Bertsch (1983) and the regression from the data of Paramalingam was significant, particularly at high dry matter, whereas the experimental data from Mukherjee et al. (2005) was closely matched by the models of Bertsch (1983) .
The general model of Bertsch (1983) was chosen, because it was supported by the experimental data of Mukherjee et al. (2005) for whole milk, and was valid for both whole and skim milks, although the comparison requires more experimental investigation, with a focus on the surface tension of milk with varying dry matter.
The models previously discussed and selected for each of the six properties are gathered in Table 4 .
Influence of property models on simulation
The results obtained from the sensitivity study in relation to the 6 major properties of milk (heat capacity, BPE, density, thermal conductivity, viscosity and surface tension) are presented in Table 5 . The analysis of the response of the pilot process simulation to variation in property values showed that it was mainly sensitive to thermal conductivity, followed by density and viscosity, while surface tension, heat capacity and BPE had response coefficients 20% lower than that of thermal conductivity.
This sensitivity study showed how improvements should be conducted in the case of the simulation of dairy evaporator systems with Aspen Plus and the modelling of milk used in this study: efforts should be focused on the improvement of the modelling of thermal conductivity, density and viscosity of milk.
Validation of the modelling tool including selected property models
Once the property models had been selected (Table 4) , and had been implemented in Aspen Plus according to the method explained in Section 2.2.2, industrial data and experimental data described in Section 2.3 served as a test bench to validate the modelling approach of the properties of milk within the simulator.
Validation of heat and mass balances
Performing heat and mass balances in Aspen Plus only requires heat capacity and BPE models of milk. The industrial process described in the work of Ribeiro (Ribeiro, 2001; Surface tension of whole milk (87.0% water, 3.7% fat, 3.7% protein, 5.3% lactose, 0.2% minerals) according to temperature for 3 different dry matters ((a) 13.0%; (b) 25.0%; (c) 50.0%), and according to dry content for temperature fixed at 20°C (d). The error bars on the data of Bertsch (1983) represent the 9.6% mean relative error calculated by the author.
Table 5
Results of the sensitivity analysis. The numerical values are the coefficients obtained after modelling the response of the system (the pilot concentration process), i.e. the final product concentration, as a function of the factors applied to the variables, i.e. the major properties of milk (see Section 2.4.2). The interactions between variables (k-q, r-l, Cp-l-q, etc.) are not relevant in this analysis, because the purpose is to identify the most impacting properties, and the main variables (i.e. the properties) were sufficient to model the simulation response up to 3 digits. Andrade, 2003) was modelled and simulated in Aspen Plus where the milk property models had been implemented. In Table 6 are given the results for the concentration of milk leaving each evaporator effect and the temperature of the obtained concentrate. The highest difference between experimental and simulated concentration values was obtained at the highest milk concentrations: differences in concentration and temperature results were both low (maximum 2 points of difference). These results are promising, and showed that in this case the simulation produced results consistent with reality. However, improvements are still needed in heat and mass balances modelling, because a variation of 1% dry matter content in the concentrate leaving the evaporator leads to substantial additional costs in the drying step following evaporation. In the case of the pilot-scale evaporator (results in Table 7 ), differences were notably higher for the outlet concentration (up to 25%).
Several reasons can be given to explain the differences between the simulation and the industrial/experimental results:
(i) The accuracy of the modelling of the properties of milk itself may be significant. In the case of empirical models, there may be a cumulative error in the modelling of the properties of milk (heat capacity and BPE) that can result from the accuracy of the model regression, from the accuracy of the experimental measurement, or from the conditions in which measurements were conducted, which might not be valid in the case of the simulated concentration process. (ii) Some phenomena occurring in the process were not taken into account in the simulation, such as flow rate fluctuations, heat losses during the evaporation process, or fouling of the evaporator tubes. Indeed, the present simulation overestimated the performance of the processes, because it did not take into account heat losses and fouling, which both decrease heat transfer, resulting in lower concentration of the final product. In the case of the pilot evaporator in particular, it is assumed that steam transfers all its heating power (8.4 kW per evaporator tube -see Silveira et al., 2013) to the product, which is not the case in reality.
(iii) The given measurements were assumed to be carried out under a ''steady-state'' regime, which may be practically difficult to reach.
Validation of the simulation including equipment geometry
The detailed simulation (i.e. including the size and geometry of the equipment) of the pilot-scale evaporator (Silveira et al., 2013) was performed in Aspen Plus, so as to validate the modelling approach with the set of the 6 key properties of milk (heat capacity, BPE, thermal conductivity, density, surface tension, viscosity). The results are given in Table 8 : temperatures are correctly simulated, whereas high differences in outlet concentration can be observed between simulations and experiments. Such discrepancies may come from different origins:
-Some physical parameters have not been taken into account for simplification purposes, such as heat losses and fouling. However in this case the outlet concentration should be overestimated in both cases. -The simulation uses six different property models, therefore cumulating the inaccuracies of each of these models. -The assumptions for modelling the pilot evaporator may also contain inaccuracies, such as the heat transfer coefficient model, which was developed for the falling film evaporation of pure component liquids (Alhusseini et al., 1998) .
Apart from model accuracy, the slight overestimation of the boiling temperature may come from the accuracy of measurement, since the physical variables in the evaporator may vary as slightly as the difference observed between the simulation and experimental data.
Conclusion
In order to use the potential of chemical process software tools along with their unit operation models for food applications, a new modelling strategy for liquid food products was proposed. The concentration process of milk by evaporation was selected to illustrate the methodology since it was identified as one of the most energy Table 6 Simulation and industrial results in the case of the computation of heat and mass balances with the industrial process (Ribeiro, 2001 Table 7 Simulation and experimental results in the case of the computation of heat and mass balances with the pilot-scale evaporator (Silveira et al., 2013) . Table 8 Simulation and experimental results in the case study of the computation of a detailed simulation with the pilot evaporator (Silveira et al., 2013) . intensive operations in the dairy industry. Through the different steps to define and develop models of a liquid food product, several needs in modelling food properties and food processes were identified:
Concentration experiment
(i) The food product (milk in this case study) was defined as a mixture of water and four dry matter components (fat, proteins, carbohydrates, minerals) modelled as ''pseudo-compo nents'' in a conventional simulator which was adapted to take into account the behaviour of the liquid food product considered. (ii) The significant properties of the food product/milk (heat capacity, boiling point elevation, thermal conductivity, density, viscosity, and surface tension) were modelled based on the empirical knowledge (translated into mathematical models) of the variation of product properties as a function of variable parameters of the considered unit operation. In this work, milk properties (heat capacity, boiling point elevation, thermal conductivity, density, viscosity, surface tension) were modelled as a function of temperature, dry matter content and composition. Obviously, this strategy highlighted the necessity to acquire knowledge, in particular about the relationships between the final properties of the product and the operational parameters of the process. (iii) A sensitivity analysis on the process of interest showed that in this case, thermal conductivity, density and viscosity of milk should be the first targets for improvement from a modelling point of view. (iv) The final validation of the modelling tool was performed at two levels: on the one hand heat and mass balances of the industrial concentration process gave results matching accurately with industrial values (error 6 2%), thus validating heat capacity and BPE models. On the other hand a more complex approach, which entailed the geometry of the equipment, gave satisfying results for the temperature. However regarding the outlet concentration, a difference of up to 20% between experiment and simulation pointed out the need to improve the heat transfer coefficient model, which has a major impact on simulation results.
Although applied to this case study, this approach was intended to serve as generic. The ambition of this work is to give some guidelines that could be followed for another food product. This strategy also led to the development of a simulation tool dedicated to the modelling and simulation of milk heat treatment and evaporation processes. The built-in unit operation models of the process simulator, or user-developed unit operation models, can be used to simulate a variety of concentration process configurations. Thus, new process designs or new process configurations and operating parameters can be studied, with multiple potential purposes: cost reduction, reduction of the environmental impact by reduction of the energy consumption, and other eco-design scenarios. (Smith, 2011): a Water = c Water Â x Water , the activity coefficient of water is computed as: c Water = a Water /x Water , x Water being the molar fraction of water in milk.
BPE
For dry matter components, c = 1 is assumed. It is noteworthy that this assumption is inaccurate in the case of dissolved substances, i.e. minerals, lactose and proteins (Walstra et al., 2006) . This remains to be improved in further developments of this work, if a more accurate model is required.
Appendix B. Calculation of the overall heat transfer coefficient in the HeatX model of Aspen Plus
Aspen Plus provides an estimation of outlet streams properties and performs iterations until satisfying conditions are reached in outlet streams, therefore there is no need to implement an algorithm for solving the heat transfer coefficient value.
1. Compute average properties of product inside the evaporator; example with heat capacity: Cp average = (Cp in + Cp out )/2 where Cp in is the heat capacity of the product side inlet stream, and Cp out is the heat capacity of the outlet product stream at the temperature and concentration estimated by Aspen Plus. 
where k avg , l avg and q avg are respectively the average thermal conductivity, viscosity and density of the product. g is the gravitational acceleration. 6. Compute average properties of steam inside the evaporator. 7. Compute steam side heat transfer coefficient (Earle and Earle, 1983) : Dh cond is the average condensate enthalpy, T shell,avg is the average temperature in the steam side of the evaporator, and T wall,avg is the average wall temperature of the tube, approximated as the average temperature between the average steam side temperature and the average product side temperature. L is the tube length. 8. Compute overall heat transfer coefficient:
where e is the tube thickness and k is the tube material thermal conductivity. 
Appendix C. Process and unit operation parameters in Aspen Plus
